ABSTRACT An algorithm is proposed for the detection and joint estimation of target parameters for a radar with a two-element rotating antenna. Rotation of the antenna introduces unwanted effects, which may cause inaccuracy in the parameter estimation. Target detection is performed by adding the processed data from two sensors. Joint estimation of range, Doppler, and direction of arrival (DOA) is carried while compensating the effects of antenna rotation. The detection performance is analyzed in terms of the receiver operating characteristics. Analytical expressions of Cramer-Rao Bound for Doppler, the range and DOA are derived. Computational complexity is also discussed. A simulation demonstrates and verifies the proposed algorithm and its analyses.
I. INTRODUCTION
Pulse Doppler radars are widely used for target detection and parameter estimation [1] - [3] . A substantial research work has been carried out in radar array signal processing [4] . For range/Doppler estimation, two dimensional estimation algorithms are well known. Another quantity of interest is the bearing (and in some cases elevation) of the targets. Such problems also require to be computationally efficient [5] , [6] . DOA estimation along with range and Doppler information. Researchers are also working on scanning radars [7] , [8] so that large area can be scanned for targets. Accurate estimation of target parameters may be effected by high speed antenna rotation can produce inaccurate results [9] . So the rotation effects need to be compensated for the correct estimation of target parameters. As the processing time increases with the complexity of an algorithm, time efficient joint estimation of target parameters has gained researchers' attention in recent years [10] . The requirement of future radars is higher accuracy and time efficiency [11] .
Several techniques have been proposed for target parameter estimation [12] . In [13] , Doppler estimation method is presented but it requires knowledge of the phase of the received signal and does not discuss estimation of range and DOA. In many radar systems, target DOA is estimated by monopulse technique [14] . This algorithm is more suited for single target. In case multiple targets, monopulse technique may become inaccurate because of output power becoming maximum somewhere at center of targets' positions [15] . The amplitude of the received signal can be exploited for DOA estimation [16] . This algorithm needs the target's Doppler information which does not allow joint estimation. In [17] , a method is presented for target detection and DOA estimation. This approach is not suitable when range and Doppler are to be estimated. DOA estimation based on phase difference is presented in [18] but other target parameters are not estimated. The most important effect due to antenna rotation is the Doppler shift. Parameter estimation algorithm for a rotating linear array is presented in [19] . However, in this paper, Doppler due to rotation is not compensated. Doppler shift compensation for rotating antenna is presented in [20] . This algorithm is not computationally simple and requires considerable processing time. Jointly estimating target parameters saves processing time. A joint algorithm for DOA, range and Doppler is presented in [21] which involves compressive sensing [22] but the antenna motion is not discussed. A joint estimation algorithm for multiple input multiple output (MIMO) radar is presented in [23] . This algorithm uses a bistatic radar, which requires a separate antenna for transmission and reception thus increasing the resource requirement.
The main contribution of this paper is an algorithm for target detection and joint estimation of range, Doppler and bearing using monostatic rotating two-element antenna. Two sensors are used so that phase difference method can be exploited. Signals received by the sensors are processed and then added for detection purpose. An algorithm is proposed by modifying the conventional two dimensional range/Doppler algorithm [5] to estimate range, Doppler and DOA of multiple targets. An important feature of the proposed algorithm is that it includes compensation of the Doppler induced due to rotation of the antenna. The computational complexity of the algorithm is also investigated. Monte Carlo (MC) simulations verify the accuracy and effectiveness of the proposed algorithm.
The remainder of the paper is organized as follows. System model and problem formulation are given in section II. Section III presents the proposed algorithm. Section IV contains simulation results of the proposed algorithm. Performance analysis of the algorithm is given in Section V. Computational complexities of the complete algorithm are calculated in Section VI and finally conclusion is given in Section VII. 
II. SYSTEM MODEL AND PROBLEM FORMULATION
Consider a monostatic radar with a two-element antenna that rotates with angular speed ω a rad/s. The centre of the array is the axis of rotation, which is also considered the origin of the array. The sensors labelled as m = −1, +1 are separated by a distance d = λ/2 where λ is the mean wavelength of the transmitted signal. FIGURE 1 shows the two element antenna array. The same antenna is used for transmission as well as reception. However, the role of antenna is different for the two processes. The two processes are multiplexed in time as in conventional radars.
Let a signal s[n] be defined such that
where W is the pulse width. A periodic sequence train P{s [n] , K } with period K is given in Eq.(1)
where l is the pulse number. The transmitted pulse is phase coded for achieving correlation gain at receiver side. If c [n] is the phase coding sequence, which in our case is a Barker code of length G, the sequence train q[n] is
The baseband signal is up converted and filtered in the usual sense. The pulses are transmitted with pulse repetition interval (PRI = T ), where T and K have a reciprocal relation. During transmission, the two elements are fed with the same signal resulting in higher antenna gain (narrow beam). The signal transmitted by antenna m = +1 after up conversion to radio frequency f is s +1 (t) = Aq(t)e j(2πft+φ) . Consider a target within the beam of transmitting antenna moving with v t velocity in direction of radar. If v a is the antenna velocity in line with the target and R is the distance from origin (array center) to target where
λ r sin θ l ) where ψ 1 = 2πR/λ radians and θ l is the angle between target and sensor (antenna). The Doppler at target from signal of antenna m = +1 is f 
Similarly, the signal of antenna m = −1 received by target is
At the target, the sum of both signals is received.
Let the origin of the array labelled O, P 1 and P 2 is the wave incident on the sensor after reflection from the target for pulse l = 0 and l = 1 respectively. Let θ o be the angle of incidence for first pulse i.e. l = 0, as illustrated in FIGURE 2. The antenna element m = +1 moves from a point A to point B at the time of second pulse i.e. l = 1 as the antenna undergoes a rotation of angle θ r = ω a T . The wave front travels a shorter distance to reach the sensor m = +1 with angle of incidence θ 1 . Simple trigonometry shows that the difference in path lengths is d (sin θ 1 − sin θ o )/2. As a consequence, a Doppler shift is introduced in the echo due to the antenna motion. The same reasoning applies to sensor m = −1 with opposite direction of antenna motion. The antenna elements receive the echoes independently. The echo from the target contains information about target velocity (Doppler), range (delay) and direction (DOA). The signal reflected back to the antenna m = +1 is
Received power is given by P r = P t G t A r RCS/(4π ) 2 R 4 [3] where P t is a power of the transmitter, G t is a gain of the VOLUME 4, 2016 transmitter, A r = G r λ 2 /4π is the effective aperture of the receiver, RCS is radar cross section and R is range of target from the radar. Similarly, the signal reflected back to the antenna m = −1 is
The antenna Doppler is
which is independent of λ. The total Doppler shift will be
Since the radar signal processing algorithms are implemented in digital domain, so the data received by the antennas is passed through analog to digital converter (ADC) with a sampling rate of f s = 1/T s . The following expression is obtained
where subtle issues in the process of analog to digital conversion are ignored for brevity and simplicity sake. The antenna scans the azimuth, and L pulses (echoes) are received within a beamwidth [3] .
If H o is the hypothesis that no target is present (noise only) and H 1 is the hypothesis that target is present, we can state the detection problem as
where
the antenna gain changes within a batch but change is negligible within a PRI, amplitude E (l)
= E is constant in a batch, and 
= Delay for i th target
III. PROPOSED ALGORITHM
The received pulses are processed and decision regarding presence of the target is made and then the parameters of the target are estimated while compensating the Doppler due to rotation. The received sequence train is
is the Doppler due to the antenna rotation, m is the sensor number, k o is the delay (corresponding to range), ω t d is the target's Doppler, ψ rot = ω a d n, which contains Doppler due to the antenna rotation and A is the amplitude. Signal, considered to be in the baseband is complex, thus retains phase information. For processing a batch of received pulses, they are stacked in L × K matrix see FIGURE 3(a). Each sequence of matrix is a received echo. The received sequence train Eq.(7) can be given as
and the subscript m is dropped for simplicity. After stacking received pulses, DFT along columns (vertical axis) of the L×K matrix is performed
where b represents Doppler axis. In Eq.(9), shifting property of DFT [24] has been used and also ω t 
This is a modification in the conventional two dimensional algorithm proposed for the compensation of the Doppler shift introduced due to the antenna rotation. To integrate sequence along range axis, the correlation of each sequence with the barker code sequence c[k] is performed
wherek o = 0, 1, 2, . . . , K − 1 is the delay corresponding to range of the target. Here k refers to each range bin and b is the Doppler bin. The data matrices from both the sensors (obtained after range/Doppler processing and rotation compensation) are squared and added for detection purpose. For sensor m = +1, the processed data T +1 (x) can be written as
Similarly, for the sensor m = −1, the processed data T −1 (x) is
Detection is achieved by comparing the sum of test statistics of both sensors with threshold γ [25] . The generalized likelihood ratio test (GLRT) for a single target can be written as
When T +1 (x) and T −1 (x) are added, the fractional part of the antenna Doppler 'frac(ω a d )' is also compensated. Phase corresponding to the detected peak is obtained from an FFT processed data matrix (FIGURE 3(b) ) and the phase difference between the two sensors is used for DOA estimation. In case of multiple targets, all the peaks above the threshold γ represent targets. As the number of peaks corresponds to the number of targets I , so the same number of phases I can be achieved as the number of targets. The phase of Doppler bin corresponding to the detected peaks are (batch of received signal) is formed from the signals received from each sensor (see FIGURE 3(a) ). The horizontal axis of the matrix is called primary time axis (K ) and the vertical axis is called secondary time axis (L). K is the fast time (samples within a PRI) and L is the slow time axis (time between PRIs). According to two dimensional algorithm [25] first of all, FFT of all the columns is performed to get Doppler axis FIGURE 3(b). The L echoes stacked are power of 2 for an efficient FFT implementation. The antenna rotation Doppler depends on the rotations per minute (RPM) and the radius from origin to sensor 'r'. The antenna Doppler shift is calculated by f a d = ω a cos (θ − ω a T )/4, where T is the PRI. This Doppler shift can have two parts: an integer part and a fractional part. After taking FFT, the resulting data matrix is then shifted along Doppler axis to compensate for the integer part of Doppler due to the antenna rotation (see FIGURE 3(b) ). The shift is equal to the bins corresponding to the integer part of the antenna rotation Doppler as the fractional part of antenna Doppler will be compensated when the processed data from both sensors is added. After compensation, correlation is performed along the rows of the matrix with the reference barker code sequence to get range axis (see FIGURE 3(c) and FIGURE 3(d) ). After correlation, processed data from both sensors is squared, added and peaks are searched by thresholding for the detection of targets.
From the peaks corresponding to targets, range and Doppler information is obtained and phase of the signal is acquired from FFT processed data of each sensor (FIGURE 3(b) ). Then, DOA is calculated for each target using the phase difference method [26] . FIGURE 4 shows the flow of the complete algorithm.
IV. SIMULATION RESULTS
The performance of the proposed algorithm is analysed for two targets. The array shown in FIGURE 1 is rotating and the transmit signal frequency is 2 GHz, PRI = 880 µs. Signal-tonoise ratio (SNR) is −5 dB. For 2 elements, the radius of the array is λ/4. The stacked pulses are now to be processed. First step is to perform an FFT along the columns to obtain information of change in frequency i.e. Doppler information which corresponds to the target velocity [3] . The Doppler at this stage includes target Doppler and antenna rotation Doppler.
As shown in FIGURE 6(a), Target 1, has peaks along Doppler axis at 124.3 Hz and 142 Hz for the sensor m = +1. Two peaks are due to frequency leakage effect across the Doppler bins. Similarly, at the sensor m = −1, target 1 has two peaks. Positive antenna Doppler is added at the sensor m = +1 and negative antenna Doppler at the sensor m = −1. Similar observations can be seen for target 2 in FIGURE 6(a). Note that these plots are normalized in magnitude.
To compensate the antenna Doppler, the FFT processed data is shifted through the proposed technique. The data matrix from the sensor m = +1 is shifted down along Doppler axis and the data matrix from the sensor m = −1 is shifted up. As seen in FIGURE 6(b), the FFT processed data is shifted 2 bins to compensate the integer part of the antenna Doppler. The fractional part will be compensated later on when the processed data from both the sensors will be added. So, from both target Doppler frequencies, the integral part i.e. 2 bins is compensated. According to the algorithm discussed in the previous section, the next step is to perform a correlation along rows with the reference barker sequence. The frequency leakage will be compensated when the data processed from both the sensors' is added in the next step. It can be seen in FIGURE 7 that when the processed data from both sensors, after Doppler compensation and range processing is added, the Doppler estimated isf d1 = 106.5 Hz andf d2 = 443.8 Hz. Similarly, the estimated range iŝ R 1 = 49 &R 2 = 101 km for target 1 and 2 respectively. The fractional part of the antenna rotation Doppler is also compensated after adding the processed data, so the antenna Doppler is totally compensated. This shows the effectiveness of the proposed modified two dimensional algorithm. This compensation also depends on the Doppler bins i.e. number of pulses stacked.
The next stage of the proposed algorithm is to find DOA of the targets. To find DOA, the phase of each target is found from the FFT processed data of both the sensors. The phase is corresponding to range and Doppler bin of the detected target. For target 1, the range bin is 49.77 km. The required phase will be corresponding to the Doppler bin of the target. The phase of each target in corresponding range bins and Doppler bins are found from the FFT processed data. The phase corresponding to target1 and estimated DOA is given in TABLE 1.
It can be seen that the estimated parameters are close to the given parameters. In case of multiple targets, they are detectable if any one parameter from range or Doppler is different i.e. if Doppler frequency difference is zero f d = 0 or range difference is zero r = 0, multiple targets can be detected provided the other parameter is different. The proposed algorithm has a high resolution and targets at same DOA can also be detected as the range/Doppler processed data is used in DOA estimation.
V. PERFORMANCE ANALYSIS OF THE ALGORITHM
We now investigate the performance of the proposed algorithm. The performance of the detector is studied with the help of receiver operating characteristics (ROC curves) while the performance of the estimator is studied with the help of Cramer-Rao lower bounds (CRLB).
A. ANALYSIS OF THE DETECTOR AND ROC CURVES
Analytical expression of the detector is derived as in [27] where we have the statistics
The GLRT is
and K σ 2 /2 is the variance of g and h [27] . The probability of a false alarm is given by [25] 
where KL is the number of Doppler and range bins examined. By using the same approach as in [25] , the test statistic has 4 terms instead of 2 terms as seen in Eq. (15) . This makes 4 degrees of freedom for the chi-square PDF
Under the hypothesis H 1 , the test statistic follows a chi-square PDF [25] . In case of a single sensor, there are 2 degrees of freedom while there are 4 degrees of freedom in the proposed algorithm with 2 sensors. The chi-square PDF of H 1 moves to right, farther away from the PDF of H 0 which improves the probability of detection i.e. the distance between the PDFs of hypothesis H o & H 1 increases when degrees of freedom increase from 2 to 4 [27] . The detection performance of a radar detector is to plot the probability of detection (P D ) versus the probability of false alarm (P FA ) [29] called receiver operating characteristics (ROC). Monte-Carlo simulations are performed to get each point by running the algorithm 10,000 times. 64 pulses are processed. The analytical expression Eq. (16) is compared with simulated results of the proposed algorithm. ROC curves are plotted, when SNR is varied from −11 to −15 dB. FIGURE 8 compares the detection probability obtained through analytical expression and the simulation, it can be seen that both are very close to each other. By adjusting the threshold, a point is selected on the ROC curve for implementation of a detector. It can be seen that the probability of detection increases as SNR of the signal increases.
B. CRAMER-RAO LOWER BOUND
The statistical efficiency of the proposed estimator is investigated by comparing with the CRLB. To derive the CRLB for delay (range), Doppler and DOA of the target, we have used the approach of [28] for linear moving array which is modified here for rotating array. Defining target unknown parameters is the m × 1 vector of array phases, the CRLB for DOA estimator is
The CRLB for Doppler and delay estimator is
where I is identity matrix, |A| 2 /σ 2 is the SNR. The mean square error of the proposed algorithm is compared with these CRLBs. FIGURE 9 shows the Mean square error (MSE) for the DOA estimator. 64 pulses are stacked and simulation is run with C = 10, 000 times to get each point. The target parameters are varied in each simulation. The MSE for DOA is found using the formula in Eq. (19) whereθ i is the DOA estimate and θ i is the actual DOA
The proposed algorithm is compared with the MUSIC estimator [29] . It can be seen in FIGURE 9 that the MSE of the proposed algorithm is closer to the CRLB. Variance of a Doppler estimator is compared with the CRLB. where C is 10,000,f di is the Doppler estimated and f di is the actual Doppler frequency
The performance is compared with AML Estimator [30] using SNR of −20 dB. It can be seen that the proposed algorithm estimates Doppler with better accuracy.
VI. COMPUTATIONAL COMPLEXITIES
The computational complexity of an algorithm is extremely important for real-time implementation [31] . Algorithms with reduced computational complexity are required in real-time implementation of radar [32] , [33] . Computational complexity of the proposed algorithm is calculated in terms of number of complex additions and multiplications. Computations required for the proposed algorithm and MUSIC algorithm [34] are given in TABLE 2. Here M is the total number of sensors.
MUSIC is also a high resolution algorithm for DOA estimation. The complexity of MUSIC is higher than the proposed algorithm which requires Eigen value decomposition and scan for all possible scan angles (δ). Thus the proposed algorithm is also computationally efficient than the conventional MUSIC algorithm.
VII. CONCLUSIONS
In this paper, an efficient parameter estimation algorithm for a two-element rotating antenna is proposed. Range, Doppler and DOA of multiple targets are jointly estimated. A novel technique is introduced that compensates Doppler shift due to rotating antenna. Computer simulations verify that the proposed algorithm is effective and accurate. The DOA estimation for multiple targets is possible if any one parameter from the range or Doppler is different. Accuracy of Doppler frequency estimation depends on the number of pulses stacked. Analytical expressions of Cramer-Rao Bound for Doppler, range and DOA are also derived for the rotating antenna array. The estimated quantities are close to CRLB, thus indicating good accuracy of the proposed algorithm. The comparisons with other estimators also verify the effectiveness of the proposed estimator. The computations involved in the algorithm are also derived which are helpful in real-time implementation.
The algorithm suggested in this paper deals with estimation of range, Doppler and bearing. Multiple targets can only be discriminated on the basis of range and/or different Doppler signatures. This restriction is due to availability of only two sensors. If a multi element array is used, bearing resolution may also be enhanced. A sequel to this paper that will address this forbiddable problem is planned as a future course of action. 
